Introduction
============

Mesenchymal stem cells (MSCs) are non-hematopoietic adult stem cells which are first isolated and characterized from the bone marrow ([@b1-ijsc-08-155]). These cells are both self-renewal and multipotent with their ability to differentiate into mesoderm, endoderm as well as ectoderm lineages ([@b2-ijsc-08-155]--[@b4-ijsc-08-155]). Although bone marrow and adipose tissue derived MSCs are considered to be the main source and hence are being extensively studied for cell therapy, it has also been reported that MSCs could occur in virtually all post-natal organs and tissues ([@b5-ijsc-08-155]). MSCs of different adult tissue origin exhibit not only varying but also limited proliferative capacity, which makes them difficult to scale up for therapeutic applications ([@b6-ijsc-08-155]). Further the cell procurement involves highly invasive procedure with relatively low cell numbers which necessitate further ex vivo expansion, and the cell numbers are also been found to decline with the donor age. However, the MSCs derived from fetal/peri-natal tissues such as placenta, umbilical cord Wharton's jelly, amniotic fluid ([@b7-ijsc-08-155]) possess high proliferation and differentiation capabilities. Furthermore, ease of isolation and scalability of these fetal tissue derived MSCs with significantly higher expression of pluripotency markers compared to those derived from adult tissues made them an alternative source for cell based therapies ([@b8-ijsc-08-155]). These tissue specific exhibition of differential capability and functionality of MSCs could be a result of their occurrence in different extracellular milieu ([@b9-ijsc-08-155]).

The human umbilical cord was first described and reported by Thomas Wharton in 1656 which is embryologically derived at day 26 of gestation ([@b10-ijsc-08-155]) but the successive isolation of MSCs from wharton's jelly portion of the umbilical cord was reported in 1991 ([@b11-ijsc-08-155]). Wharton's jelly (WJ) is the connective tissue which is gelatinous in nature present between the amniotic epithelium and the umbilical vessels providing protection within the umbilical cord ([@b12-ijsc-08-155]). The MSCs presented in Wharton's jelly are often regarded as umbilical cord matrix (UCM) cells and their occurrence is believed to be trapped during their migration from the aortic-gonadotropin-mesonephric region to the fetal liver through the umbilical cord in the early embryogenesis period ([@b13-ijsc-08-155]), additionally due to their dependence on the source of oxygen and nutrients, they would most likely be located closest to the vasculature. The isolation, culture and characterization of WJMSCs have been already reported and many previous studies indicate their possible applications in the treatment of many diseases such as graft versus host disease (GVHD), cancer, systemic lupus erythematosus (SLE), liver and kidney injury.

Due to broad range applications of MSCs in regenerative medicine, their cryopreservation and long-term storage has become an absolute necessity. Although there are well developed cryopreservation protocols for hematopoietic stem cells, an efficient protocol for non-hematopoietic stem cells is still need to be optimized. However avoiding the lethal effect of cooling and thawing processes during cellular cryopreservation has currently becomes the greatest challenge and thereby developing a standard cryopreservation formulation and protocol for WJMSCs is indispensible, since they cannot be propagated for longer duration under standard in vitro culture conditions. The cooling rate and the use of cryoprotective agents (CPA) further play a major role on survivability of cells in any cryopreservation protocol. It has been shown that the maximum viability can be achieved for a wide variety of cells following controlled-rate freezing ([@b14-ijsc-08-155]), this improved post-freeze cell viability could be explained by controlled ice nucleation and inhibition of release of latent heat of fusion ([@b15-ijsc-08-155]). It has been reported that the vitrification (rapid cooling) of human umbilical cord mesenchymal stem cells has shown to be a reliable and effective method of cryopreservation by using high concentration of CPAs ([@b16-ijsc-08-155]). However, slow freezing with reduced concentration of CPAs has gain much of interest in order to decrease the effect of osmotic shock and chemical toxicity exerted by CPAs ([@b17-ijsc-08-155]). Among a wide variety of CPAs, dimethyl sulfoxide (DMSO) with its high membrane permeability and fetal bovine serum (FBS) being rich in growth factors and proteins are most commonly employed for cell cryopreservation. Using 10% (v/v) DMSO and up to 90% (v/v) FBS has become more common formulation to preserve various kinds of stem cells despite both exhibit a considerable disadvantages. To ameliorate this drawback, MSCs were cryopreserved using both DMSO and FBS free systems comprising of different polymers either alone or in combination with ethylene glycol (EG), 1,2-propylene glycol (PG), trehalose (T), sucrose and/or glucose. In contrast to DMSO which penetrates quickly into the cell, the high molecular weight polymers such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), polyethylene oxide (PEO), or polyvinyl alcohol (PVA) are non-penetrating and seems to exert their cryoprotection extracellularly when present at 10\~40% concentrations ([@b18-ijsc-08-155]). These high molecular weight agents tend to have increasingly high viscosities at low temperature and possibly prohibit water molecules to form ice crystals ([@b19-ijsc-08-155]).

Thus, the present study aimed to investigate the effect of three different cryoprotectants on WJMSCs using controlled rate freezing protocol that would allow an efficient storage of WJMSCs without affecting their basic characteristics. Further, an attempt has been made to eliminate xenogenic FBS completely in the cryoprotectants. The efficacy of cryopreservation was evaluated by post-thaw viability, proliferation rate, surface and pluripotency marker expression, apoptosis and in vitro osteogenic and adipogenic differentiation ability of WJMSCs.

Materials and Methods
=====================

Chemicals and media
-------------------

All chemicals and media were purchased from Sigma (St. Louis, MO, USA) and Gibco (Life Technologies, Burlington, ON, Canada) respectively, unless otherwise specified. Media employed for washing was Dulbecco's phosphate buffered saline (DPBS) supplemented with 1 mg/ml poly-vinyl alcohol (PVA), 1% (v/v) penicillin-streptomycin (10,000 IU and 10,000 *μ*g/ml, respectively, Pen-Strep). Advanced Dulbecco's modified Eagle's medium (ADMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM glutamine and 1% (v/v) Pen-Strep was used for cell culture. The pH and osmolality of all media were adjusted to 7.2 and 285±5 mOsm/l, respectively.

Isolation and culture of human WJMSCs
-------------------------------------

Human umbilical cords (n=5) from both sexes were obtained from full-term births (caesarean section or normal vaginal delivery) after obtaining the informed consent under approved medical guidelines set by the GNUH IRB-2012-09-004. Isolation of the Wharton's jelly derived MSCs was carried out as previously described ([@b20-ijsc-08-155]) with minor modifications. Briefly, the cord was cut into 2\~3 cm lengths, rinsed several times with DPBS containing 1% (v/v) Pen-Strep. After being removed umbilical cord vessels, the mesenchymal tissue was minced into small pieces using fine scissors followed by two times wash with DPBS. Tissue was then digested with DPBS containing 1 mg/ml collagenase type I at 37°C for 40 min with gentle agitation. The digested tissue was sequentially passed through 100 *μ*m and 40 *μ*m nylon cell strainers (BD Falcon, MA, USA) in order to obtain a single cell suspension after enzyme being inactivated by adding ADMEM containing 30% (v/v) FBS. The isolated cells after being centrifuged at 500×g for 5 min were reconstituted and cultured in ADMEM supplemented with 10% (v/v) FBS at 37°C in a humidified atmosphere of 5% CO~2~ in air by changing the culture medium for every 3 days. When the cells became confluent, they were trypsinized using 0.25% (w/v) trypsin-ethylenediaminetetraacetic acid (EDTA) solution and centrifuged, and cell pellets were then harvested for further expansion or cryopreservation studies. Freshly isolated WJMSCs without undergoing the procedure of cryopreservation were treated as control. In the current study WJMSCs at passage 3 were used in all the experimentation under different treatment groups. Morphology of WJMSCs was analyzed under a light microscope. Images were taken at 100× magnification with Nikon DIAPHOT 300, Japan.

Cryopreservation and thawing of WJMSCs
--------------------------------------

The CPAs were prepared according to the previously published literatures with minor modifications as and where specified. Solution A: 10% (v/v) PVP with an average molecular weight of 40,000 was prepared in ADMEM containing 10% (v/v) FBS at room temperature and the solution was then stored at 4°C overnight to obtain a homogeneous preparation ([@b21-ijsc-08-155]), Solution B: cocktail solution was prepared in ADMEM containing 10% (v/v) FBS by dissolving 0.05 M glucose, 0.05 M sucrose and 1.5 M ethylene glycol ([@b22-ijsc-08-155]), Solution C: 10% (v/v) DMSO solution was diluted with ADMEM supplemented with 10% (v/v) FBS. Solutions D, E and F were similar to Solutions A, B and C respectively but devoid of 10% (v/v) FBS.

After dissociation with 0.25% (w/v) trypsin-EDTA solution, WJMSCs were washed twice with ADMEM supplemented with 10% (v/v) FBS by centrifugation at 500×g for 5 min. Cell density was adjusted to 1×10^6^ cells/ml using respective CPAs and transferred to 1.8 ml cryovials (Thermoscientific, Roskilde, Denmark) in 1 mL aliquots. The cryovials were then cooled at a pre-set freezing rate in a programmable controlled-rate freezer (Kryo 360, Planer Ltd, Middlesex, UK). The cells were equilibrated for 30 min at 1°C, then cooled following the programmed protocol in order: −2°C/min to −9°C, then −9°C to −9.1°C and held for 5 min; then −0.3°C/min to −40°C; then −10°C/min to −140°C ([@b22-ijsc-08-155]). Then the cryovials were immediately plunged into liquid nitrogen (LN~2~) and stored in LN~2~ for three month.

For further analysis, the cryopreserved WJMSCs were thawed by immersing in a circulating water bath at 37°C for 1 min and were washed twice with ADMEM supplemented with 10% (v/v) FBS and 1% (v/v) Pen-Strep by centrifugation at 500×g for 5 min in order to remove CPAs.

Cell viability and proliferation assay
--------------------------------------

Viability of WJMSCs was determined by trypan blue exclusion test. WJMSCs were stained with 0.2% trypan blue solution immediately after thawing (0 h) and 24 h later post-thaw culture. The numbers of dead and viable cells were recorded based on the development of blue colour by observing under a light microscope using hemocytometer. The percentage of viability of WJMSCs was calculated using the formula: total number of viable cells/total number of cells ×100.

The proliferative capacity of WJMSCs was evaluated by population doubling time (PDT). Briefly, WJMSCs from all the experimental groups were plated at 2×10^3^ cells in each well of the 24-well culture plate in triplicate. Culture was maintained up to 14 days and the cell number was recorded for every 2 days interval. PDT of WJMSCs was calculated using a formula, PDT=*t* (log2)/(log*N~t~*− log*N~0~*), where *t* represents the culture time, and *N~0~* and *N~t~* are the initial and final WJMSC numbers before and after seeding, respectively.

Flow cytometry assay
--------------------

Evaluation of DNA content and cell surface antigens of WJMSCs was done by using flow cytometer (BD FACS Calibur; Becton Dickinson, NJ, USA) in triplicates. DNA content of WJMSCs was evaluated by fixing a total of 1×10^6^ cells/ml in 70% ethanol at 4°C for 4 h. The cells were then washed twice with DPBS and stained with 10 *μ*g/ml propidium iodide solution for 15 min. DNA content of each cell was measured and categorized as G~0~/G~1~, S or G~2~/M phase of the cell cycle. Phenotyping of cell surface antigens of WJMSCs was carried out by labelling cells (1×10^5^ per marker) with fluorescein isothiocyanate-conjugated CD34 (BD Pharmingen, CA, USA, FITC Mouse Anti-Human CD34), CD45 (Santa Cruz Biotechnology, FITC Mouse Anti-Human CD45), CD90 (BD Pharmingen, FITC Mouse Anti-Human CD90) and unconjugated CD73 (Santa Cruz Biotechnologies, Mouse monoclonal) and CD105 (Santa Cruz Biotechnologies, Mouse monoclonal IgG~2a~) for 30 min. Unconjugated primary antibodies were treated with FITC-conjugated goat anti-mouse IgG (BD Pharmingen) for 30 min in dark. Mouse IgG1 served as isotype matched negative control (BD Pharmingen). A total of 10,000 labeled cells per sample were acquired and counted in a Becton Dickinson FACS Calibur flowcytometer (FACS, Becton Dickinson, NJ, USA) and the results were analyzed by cell Quest Prosoftware (Becton Dickinson).

In vitro differentiation assay
------------------------------

WJMSCs from both fresh and cryopreserved groups were assessed for their in vitro differentiation ability into adipogenic and osteogenic lineages as per the previously published protocols ([@b23-ijsc-08-155]), by culturing in a lineage specific medium under suitable condition for 21 days in triplicates. Adipogenic medium was comprised of 1 *μ*M dexamethasone, 10 *μ*M insulin, 100 *μ*M indomethacin, and 500 *μ*M isobutylmethylxanthine (IBMX). Osteogenic medium was comprised of 0.1 *μ*M dexamethasone, 50 *μ*M ascorbate-2-phosphate, and 10 mM glycerol-2-phosphate. Adipogenesis was confirmed by the accumulation of lipid droplets by staining with Oil red O solution whereas Osteogenesis by Alizarin red and von Kossa staining.

Reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

WJMSCs in all the experimental groups were grown until 80% confluence in the culture medium and the expression of transcriptional factors, apoptosis-related genes and lineage-specific markers were analysed by RT-PCR in triplicates. Total RNA was isolated using RNeasy mini kit (Qiagen, CA, USA). A total of 2 *μ*g RNA was used to synthesize complementary DNA (cDNA) using an Omni-script RT kit (Qiagen), 10 *μ*M oligodT primer (Invitrogen, CA, USA) at 37°C for 60 min. Real time PCR was carried out using Rotor gene Q (Qiagen), using Rotor Gene SYBR green PCR kit (Qiagen). A total of 50 ng cDNA was added to 12.5 *μ*l SYBR green mix, 5.5 *μ*l RNase free water and 1 *μ*l each of forward and reverse primers at 1 pM (final volume 25 *μ*l). The assay was performed with initial denaturation at 95°C for 10 min, followed by 40 PCR cycles at 95°C for 10 s, 60°C for 6 s and 72°C for 4 s, followed by a melting curve from 60°C to 95°C at 1°C/s, and then cooling at 40°C for 30 s, according to the manufacturer's protocol. CT values and melting curves of each sample were analysed using Rotor-Gene Q Series Software (Qiagen). The amplified products were evaluated by electrophoresis on 1.5% agarose gel and images were analyzed using zoom browser EX5.7 software (Canon). Reference gene YWHAZ (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide) was used as the housekeeping gene for normalization of the data. The relative level of target gene expression was calculated according to 2^−ΔΔCT^ method ([@b24-ijsc-08-155]). The primers used are listed in [Table 1](#t1-ijsc-08-155){ref-type="table"}.

Western blotting
----------------

Protein lysate of all the samples was prepared using RIPA buffer (Thermoscientific) containing protease inhibitors. Protein concentration was determined by Microplate BCA Protein Assay kit (Thermo Scientific), a total of 25 *μ*g each protein sample was separated using 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE, Mini Protean, BioRad) and transferred onto polyvinylidene difluoride membranes (PVDF, Millipore, USA). Membranes were then incubated with primary antibodies of goat anti-Oct-3/4 (43--50 kDa, 1:200, Santa Cruz), rabbit anti-Sox-2 (34 kDa, 1:200, Santa Cruz), goat anti-Nanog (35 kDa, 1:200, Santa Cruz), rabbit anti-Bax (22 kDa, 1:1000, Enzo, NY, USA), rabbit anti-Bcl-2 (28 kDa, 1:1000, Cell Signalling, MA, USA), mouse anti-p53 (53 kDa, 1:200, Santa Cruz), rabbit anti-p21 (21 kDa, 1:200, Santa Cruz) and rabbit anti-*β* actin (45 kDa, 1:1000, Cell Signalling) for overnight at 4°C followed by incubation with horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG (1:10000, Santa Cruz), goat anti-rabbit IgG (1:10000, Santa Cruz) and goat anti-mouse IgG (1:10000, Santa Cruz) secondary antibodies for 1 h at room temperature. Immunoreactivity was detected by enhanced chemiluminescence (ECL; Supersignal, West Pico Chemiluminescent substrate, PIERCE, IL, USA) and exposed to x-ray films.

Statistical analysis
--------------------

The statistical differences between experimental groups were analyzed by one-way ANOVA using SPSS 21.0 followed by Tukey's multiple comparisons test. Data were presented as mean±standard error of the estimate of mean value (S.E.M.) of at least three separate experiments. In each experiment data were taken in triplicate. Differences among groups were considered significant at p\<0.05, and were denoted by different superscript letters.

Results
=======

Morphology, viability and proliferation of WJMSCs
-------------------------------------------------

After 3 days of culture, colonies of adherent and fibroblastic spindle-like cell morphology were observed in all the groups ([Fig. 1](#f1-ijsc-08-155){ref-type="fig"}). The percentage viability of WJMSCs cryopreserved with different cryoprotectants was assessed immediately post thawing (0 h) and 24 h later. The results suggest that there was a significant reduction (p\<0.05) of viability in all the groups followed by cryopreservation with their respective CPAs compare to the control group. At 0 h post thawing ([Fig. 2A](#f2-ijsc-08-155){ref-type="fig"}), Solution C has shown higher viability efficiency of 81.2±0.58% whereas Solution A being the minimum of 62.87±0.35% against the control group (97.83±0.32%). However, in the present study the complete elimination of FBS in the cryosolution has further reduced the viability efficiency of all the cryoprotectants used. The viability was drastically reduced to 6.8±0.23% when 10% (v/v) PVP was used solely with the complete elimination of FBS in the cryosolution (Solution D). At 24 h post-thaw culture ([Fig. 2B](#f2-ijsc-08-155){ref-type="fig"}), Solution B has shown significantly (p\<0.05) reduced viability compare to Solution A and Solution C (Based on the initial cell numbers at 0 h). On the other hand, all the cryoprotectants with complete elimination of FBS have followed the similar trend with further reduction in their cryoprotection efficiency as observed immediately after thawing (0 h). Based on these observations, only cryoprotectants supplemented with 10% FBS were chosen for subsequent experiments.

Evaluation of PDT showed that the proliferative capacity of WJMSCs was significantly (p\<0.05) reduced after cryopreservation with all the three cryoprotectants ([Fig. 3A](#f3-ijsc-08-155){ref-type="fig"}). Doubling time was found to be 54.28±0.05 h, 55.13±0.03 h, 55.79±0.12 h, 55.49±0.06 h for control, Solution A, Solution B, and Solution C respectively. There was a significant (p\<0.05) difference found in all the phases of cell cycle among different cryopreserved groups in comparison to the control as analyzed by FACS ([Fig. 3B](#f3-ijsc-08-155){ref-type="fig"}), and the proportion of cells in S phase of the cell cycle was 23.26±0.17%, 21.01±0.16%, 14.68±0.23% and 19.59±0.14%, whereas in G0/G1 phase was 66.62±0.12%, 76.55±0.15%, 82.73±0.18% and 78.25±0.37%, and those in the G2/M phase was 10.12±0.06%, 2.44±0.31%, 2.60±0.15% and 2.16±0.49% in control, Solution A, Solution B and Solution C respectively.

Expression of cell surface antigens and transcription factors
-------------------------------------------------------------

There was no significant difference found in the expression of cell surface antigens between cryopreserved and control groups ([Fig. 4](#f4-ijsc-08-155){ref-type="fig"}). Cultured WJMSCs under both control and cryopreserved groups were constitutively expressed the transcription factors OCT4, SOX2 and NANOG indicating their undifferentiated state as revealed by RT-PCR and western blot analysis both at m-RNA and protein level respectively ([Fig. 6B & 6E](#f6-ijsc-08-155){ref-type="fig"}).

In vitro differentiation
------------------------

Both control and cryopreserved WJMSCs upon in vitro differentiation under specific conditions using specific differentiation medium were able to differentiate into mesenchymal lineages (Adipogenic & osteogenic), indicating their plasticity and multipotency. Adipogenic differentiation was confirmed after 21 days by visualization of the accumulation of cytoplasmic lipid droplets (Stained red) seen with Oil Red O staining ([Fig. 5A](#f5-ijsc-08-155){ref-type="fig"}). Cells were also expressed adipocyte specific markers such as peroxisome proliferative activated receptor gamma (*PPARγ*), fatty acid binding protein 4 (*FABP4*) and lipoprotein lipase (*LPL*) ([Fig. 7B](#f7-ijsc-08-155){ref-type="fig"}). The formation of calcium deposits upon osteogenic induction was demonstrated by Alizarin red and von Kossa staining ([Fig. 5B](#f5-ijsc-08-155){ref-type="fig"}). Further, the differentiated cells expressed osteocyte specific markers such as runt-related transcription factor-2 (*Runx2*), osteonectin and bone morphogenetic protein 2 (*BMP2*) ([Fig. 7D](#f7-ijsc-08-155){ref-type="fig"}).

RT-PCR and Western Blotting
---------------------------

Total RNA and protein was isolated from WJMSCs at passage 3 under both control and cryopreserved groups. Real-time PCR was performed to determine the expression level of transcription- and apoptosis-related genes. Results indicate that although the expression level of transcription factors such as *OCT-4*, *SOX2* and *Nanog* in cryopreserved groups were slightly higher than a control group, but it did not statistically significant ([Fig. 6A](#f6-ijsc-08-155){ref-type="fig"}). The expression level of pro-apoptotic genes such as *BAX* and *p53* was found to be higher in all the cryopreserved groups with significantly (p\<0.05) reduced expression of *p21* in comparison to the control group. Moreover, WJMSCs cryopreserved with Solution B has shown significantly (p\<0.05) higher mRNA level of *BAX* and *p53* compare to other cryopreserved groups. Conversely the expression level of anti-apoptotic gene *BCL2* was found to be reduced when compare to the control group with no observed statistical differences ([Fig. 6C](#f6-ijsc-08-155){ref-type="fig"}). The BAX/BCL2 ratio were found to be 1.31±0.08%, 4.12±0.44% and 1.67±0.13% in WJMSCs cryopreserved using Solution A, Solution B and Solution C respectively. Similar results were also observed at protein level in the western blot for both transcription- and apoptosis-related proteins ([Fig. 6E](#f6-ijsc-08-155){ref-type="fig"}). The expression level of adipogenic specific markers such as *PPARγ*, *FABP4* and *LPL* were significantly (p\<0.05) increased to 2.2\~4.9 folds upon in vitro adipogenic induction in all the experimental groups. Further, there was no statistically significant difference found in *PPARγ* and *LPL* expression among both control and cryopreserved groups but the level of *FABP* in WJMSCs cryopreserved using Solution C was significantly (p\<0.05) reduced compare to that in the control group ([Fig. 7A](#f7-ijsc-08-155){ref-type="fig"}). Similarly, upon osteogenic induction, the lineage specific markers such as *RUNX2*, Osteonectin and *BMP2* were also found to be increased their expression level up to 1.4\~4.7 folds ([Fig. 7C](#f7-ijsc-08-155){ref-type="fig"}).

Discussion
==========

In the current study, six different cryosolutions with varying composition of CPAs were used to cryopreserve WJMSCs following controlled rate freezing protocol and compared their cryopreservation efficiency. In the process of human cell cryopreservation or tissue banking, the DMSO and serum are being extensively used and there is a growing concern about their effect on cryopreserved cells/tissue and post transplantation complications ([@b25-ijsc-08-155]). Further, the use of DMSO can change cellular characteristics and alter genetic and/or epigenetic properties ([@b26-ijsc-08-155]). These drawbacks made researchers to search for alternative cryoprotectants comprising of less harmful components with higher cryoprotection efficiency. Thereby, the main purpose of this study was to develop an alternative cryoprotectant to conventional DMSO that can efficiently be used in the controlled rate freezing of WJMSCs and also to eliminate FBS completely in the cryosolution to avoid the xenogenic effects.

The long term viability of any biospecimen is thought to be depending on the cooling rate in any cryopreservation protocol. During freezing, the cooling rate also affects both rate and size of intracellular and/or extracellular ice crystal formation. An elevated intracellular ice formation is more frequently associated with rapid cooling, as water does not have time to migrate out of the cell, whereas cell can lose maximum water with reduced intracellular ice formation under slow cooling rate. However, other factors such as latent heat of fusion and type of nucleating agents used do variably affect the cryoprotection of different CPAs. Therefore, the present study has mainly focused on using the controlled rate freezing to preserve WJMSCs based on the recent findings in the previously published protocol ([@b22-ijsc-08-155]).

The chemical components such as polyvinylpyrrolidone, ethylene glycol, glucose, sucrose, FBS and DMSO were used in the cryosolutions under the current investigation. We found that conventional DMSO had higher cryoprotection efficiency when compare to other two cryosolutions used. Cryopreservation of WJMSCs with 10% (v/v) DMSO and 10% (v/v) FBS in ADMEM (Solution C) has demonstrated a cell viability of 81.2±0.52% immediately post-thawing at 0 h, this is in agreement with a previous report where human bone marrow-derived MSCs frozen with DMSO have shown 83.8±2.9% post-thaw cell viability ([@b27-ijsc-08-155]). The cell viability in Solution B comprising of 0.05 M glucose, 0.05 M sucrose, 1.5 M ethylene glycol and 10% (v/v) FBS was found to be lesser than previous report ([@b22-ijsc-08-155]), where they have demonstrated that around 79% of viability can be achieved using similar cryoprotectant upon dental tissue cryopreservation. This variability could be a reason of different cell types used and also the type of cryopreservation (Tissue or cell). Thus the current finding envisages that Solution B could more likely be used for tissue storage rather than cells. However additional studies are needed to conclude this bias in cryoprotection towards tissue or cell preservation. On the other hand cell viability obtained using Solution A with 10% (v/v) PVP and 10% (v/v) FBS in ADMEM is comparable with the previously published literature, which reports around 69.2±6.7% viability could be achieved upon cryopreservation of adipose tissue-derived adult stem cells when 10% (v/v) PVP along with 10% (v/v) FCS has been used as a cryoprotectant ([@b21-ijsc-08-155]). However, assessing the cell viability immediately after thawing cannot be a true measure of representing the efficacy of cryopreservation. A further reduction in cell viability was observed with all the cryosolutions after 24 h post-thaw culture, where Solution B has shown significantly (p\<0.05) reduced viability compare to Solution A and Solution C. This has shown better cryoprotection than Solution A when assessed immediately after thawing (0 h). This reduction in cell viability of post-thaw culture could be related to apoptotic and necrotic processes which are known to occur within 24 h and are not apparently considered immediately after thawing ([@b28-ijsc-08-155]). Serum is a complex mixture and probably contains various constituents such as cytokines and growth factors, and is often used in combination with other cryoprotectants albeit its mechanism of cryoprotection remains unclear. Being xenogenic, its application in cultivation or cryopreservation of cells used for clinical purposes has directly linked to the detection of anti-FBS antibodies in the recipient ([@b29-ijsc-08-155]). Nevertheless, FBS is known to possess inherent variation between sources and batches. Therefore, complete elimination or an alternative to FBS is indispensible and is the subject of current research. The present study aimed to eliminate FBS completely in the cryosolutions. However, the cell viability was significantly (p\<0.05) reduced as noted both immediately at 0 h and 24 h later post-thaw culture. Moreover in the absence of FBS, cell viability (0 h) was drastically reduced to 6.80±0.23% in Solution D comprising of 10% (v/v) PVP in ADMEM compared to that in the presence of FBS and also compared to other two cryosolutions. Therefore in the present study it is observed that neither Solution A nor Solution B or Solution C were able to provide an efficient cryoprotection when used alone as a single cryoprotectant in the absence of FBS. Similar result was also reported for the cryopreservation of human embryonic stem cells where the absence of FBS caused a poor survival rate ([@b30-ijsc-08-155]). These findings indicate that adding FBS remarkably increase the cryopreservation efficiency of cryoprotectants by yet unknown factors. It is unclear that whether some of the components in FBS can act as stabilizers for CPAs during cryopreservation, especially for external cryoprotectants such as PVP as observed in the current study or the presence of these additives may possibly be result in either the formation of long strands of polymer or pushes polymer chains close to each other so that an effective encapsulation of the cell could occur when polymers are used as cryoprotectants. However, the present study could not address this correlation and hence further investigations are needed to unravel the mechanism behind this synergistic effect. Furthermore, based on the results obtained in the present study, it seems that certain amount of permeating CPA is required to increase the efficacy of cryoprotectants in protecting cells from freezing damages. An improved cell viability was observed when permeating CPA ethylene glycol was used in Solution B along with non-permeating glucose and sucrose in the cryosolution in comparison to Solution A where only non-permeating PVP was used. However, this cannot simply be explained since the phase change of the extracellular medium in different cryosolutions during any freezing experiments could also results in variable cell viability as cells experience different supercooling rates.

There was no notable difference found between control and cryopreserved groups in terms of morphology, pluri-potent and surface markers expression. Morphology of cultured WJMSCs has shown fibroblast-like cells capable of adhesion and proliferation on plastic dish surface. WJMSCs in the present study displayed a doubling time of approximately 54 h. whereas it has been reported to be approximately 40 h in the previous study ([@b31-ijsc-08-155]), this variability could be a result of different culture and calculation method followed for cell proliferation assays. The expression of early transcription factors such as *OCT4*, *SOX2* and *NANOG* are generally used to confirm the presence of adult stem cells ([@b32-ijsc-08-155]). In the present study, the cryopreservation has not changed the expression of early transcription factors both at mRNA and protein level in WJMSCs. Therefore cells retain their characteristics upon cryopreservation with all the cryoprotectants used, similar results were also reported by a previous report ([@b33-ijsc-08-155]).

We have analyzed the expression of cell surface markers of WJMSCs before and after cryopreservation. CD73, CD90 and CD105 are known to be expressed by WJMSCs ([@b34-ijsc-08-155]). Flow cytometric data revealed that WJMSCs in both control and cryopreserved groups were positive for CD73, CD90 and CD105 while negative for the hematopoietic marker CD34 and CD45. The results obtained were similar in all the groups with no statistically significant differences. Thus, the immunophenotypic characteristics of WJMSCs were not affected by cryopreservation and the results obtained are in concordance with the previously published data ([@b35-ijsc-08-155]). Nevertheless, these findings suggest that even after cryopreservation cells preserved their adhesion/cell to cell contact property, as many of these surface proteins are speculated to be involved in cell-cell and cell-matrix interactions ([@b18-ijsc-08-155]). In the present study, thawed WJMSCs retain their capacity to differentiate towards adipocytes and osteocytes similar to those in the control group and hence the present cryopreservation protocol did not affect their plasticity as well as the multipotency.

During cryopreservation, cells have to struggle to cope up with extrinsic damaging agents (CPAs). Certain CPAs can cause an inevitable accumulation of damage that leads to the deterioration of cell components; thereby cell death could results from both necrosis and apoptosis. However, it has been reported that due to cryoinjury, apoptosis rather than cellular necrosis could occur after slow freezing of human embryonic stem cells (hES) which results in reduced cell viability. Further this reduction was prominent during incubation at 37°C over 90 min period ([@b36-ijsc-08-155]). Apoptosis can be initiated by two major pathways intrinsic/mitochondrial and extrinsic. Intrinsic pathway is tightly regulated by the BCL-2 family of proteins, which is further classified into 3 groups: (i) anti-apoptotic multidomain members (BCL-2, BCL-X~L~ and Mcl-1), which consists of four BCL-2 homology domains (BH1, BH2, BH3 and BH4), (ii) pro-apoptotic multidomain members (Bax and Bak), lacking the BH4 domain and (iii) pro-apoptotic BH3 only proteins (Bid, Bim and Bad). In contrast, the death receptors from the TNF (tumor necrosis factor) receptor family that include Fas/CD95 and the TRAIL (TNF-related apoptosis-inducing ligand) receptors can initiate an extrinsic pathway at the plasma membrane. In the current investigation, we have studied the expression of apoptotic related genes both at mRNA and protein level and found that apoptosis could be the reason in the loss of WJMSCs post-thaw viability. This was further supported by a significant reduction in post-thaw cell proliferation capacity, which indicates how cryopreservation affects cell functions. RT-PCR and western blot analysis revealed that the WJMSCs under all the cryopreserved groups were found to be associated with apoptosis. Particularly the cells cryopreserved using Solution B comprising of ethylene glycol, glucose, sucrose and 10% (v/v) FBS in ADMEM has shown higher expression of proapototic genes such as *BAX* and *p53* indicating a possible occurrence of DNA damage, which was also indicated by the cell cycle analysis based on the fact that apoptosis is also regulated by genes that are involved in the cell cycle progression. Present study demonstrated that the percentage of cells in G0/G1 phase was higher in cells cryopreserved in Solution B compared to that in control and other cryopreserved groups. It was also noted that these percentage of cells at G0/G1 phase are directly proportional to the expression level of *p53* in all the groups studied. This prolonged arrest of cells at this phase is more likely an index of activated DNA repair mechanism before progression into the next phase of cell cycle. p53 is a nuclear DNA-binding phosphoprotein exists normally as a tetramer and is able to bind to specific DNA sequences. A variety of stimuli can activate p53 either by increasing its half-life or translational initiation rate of its mRNA ([@b37-ijsc-08-155]) and influences cell proliferation by acting predominately in the G1 phase of the cell cycle progression. The activated p53 can induce the expression of p21 which in turn inhibits cyclin D/Cdks eventually leads to an arrest of cell cycle at G1. Interestingly, in our study the expression of p21 was reduced in all the cryopreserved groups indicating that p53 can also regulate Cdks independent of p21. Earlier it has been reported that p53 can also downregulates Cdk2 through the regulation of CAK activity ([@b38-ijsc-08-155]). The results obtained in the present study also indicates a direct involvement of p53 in arresting cell cycle possibly through interacting with CAK complex without the need of Cdk inhibitors. *BCL2* gene encodes a protein that acts as an anti-apoptotic and blocks programmed cell death without affecting cellular proliferation ([@b39-ijsc-08-155]) whereas BAX protein, a member of the BCL-2 family promotes apoptosis ([@b40-ijsc-08-155]). Thereby the ratio of *BAX* to *BCL2* indicates the susceptibility of a cell to apoptosis ([@b40-ijsc-08-155]). In the current study, there was a strong increase in BAX/BCL2 ratio indicating an occurrence of apoptosis upon cryopreservation. However, the probable mode of apoptosis cannot be explained, as other downstream proteins of BCL2 family were not studied in the current investigation and the present study strongly endorses that these proteins should not be overlooked in the future experiments.

In conclusion, the conventional 10% DMSO supplemented with 10% FBS has shown higher post-thaw cell viability when compare to other two cryoprotectants investigated. Nevertheless, the present study also demonstrated that, though there was a possible occurrence of apoptosis upon cryopreservation with all the cryoprotectants as revealed by the gene expression profile, the WJMSCs were found to be preserved their basic stem cell characteristics. This indicates the possibility of developing a well-defined DMSO free cryosolution for WJMSCs cryopreservation. The post-thaw cell viability shows that FBS plays a major role during cryopreservation and it cannot be eliminated completely. Hence, the present study suggests that this could possibly be replaced by the development of other alternative complex protein sources. The present study also indicated the significance of the presence of certain amount of permeating CPA in the cryosolution to increase the cryoprotection, which shows an option to develop cocktail cryosolutions. However, the present study has tried to evaluate the effect of three different cryoprotectants on WJMSCs by using single controlled rate freezing protocol and, hence, further research is needed to assess the effect of other freezing rates to achieve an efficient storage of WJMSCs followed by in vivo studies to evaluate their post-transplantation complications.
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![Adherent, fibroblast-like morphology of WJMSCs from passage 3 on day 3 culture. Where (A)=Control, (B)=Solution A, (C)=Solution B and (D)=Solution C. Scale bar=100 *μ*m.](ijsc-08-155f1){#f1-ijsc-08-155}

![Viability percentage of WJMSCs under Control, Solution A, Solution B, Solution C, Solution D, Solution E and Solution F groups assessed immediately after thawing at 0 h (A), and at 24 h later post-thaw culture (based on the cell numbers obtained at 0 h) (B). Significant difference among groups was considered when p\<0.05 and represented by different superscripts (lower case letters).](ijsc-08-155f2){#f2-ijsc-08-155}

![Growth curves for WJMSCs under Control, Solution A, Solution B and Solution C over 14 days of in vitro culture. Cells were cultured in 24-well plates at an initial rate of 2×10^3^ cells/well (A) and Flowcytometric analysis of cell cycle for WJMSCs under different groups. A total of 10,000 cells were counted for each sample in triplicates and the values are expressed as percentage mean±standard error of mean (SEM). Significant difference among groups was considered when p\<0.05 and represented by different superscripts (lower case letters) (B).](ijsc-08-155f3){#f3-ijsc-08-155}

![Flowcytometric analysis of the expression of surface markers by WJMSCs under Control, Solution A, Solution B and Solution C groups. WJMSCs were negative for CD34 and CD45 whereas positive for CD73, CD90 and CD105 expression (percentage of expression is also indicated in the figure).](ijsc-08-155f4){#f4-ijsc-08-155}

![In vitro differentiation potential of WJMSCs of Control, Solution A, Solution B and Solution C groups. WJMSCs were stained both before and after adipo/osteo lineage induction. Adipogenesis was indicated by Oil red O staining of lipid globules after induction (A). Confirmation of osteogenesis was done by Alizarin red and Von Kossa staining (B).](ijsc-08-155f5){#f5-ijsc-08-155}

![RT-PCR and western blot analysis. Relative mRNA level of transcription factors such as *OCT4*, *SOX2* and *NANOG* (A) and their product size (B). Relative mRNA level of apoptosis-related *BAX*, *BCL2*, *p53* and *p21* genes (C) and their product size (D). Different superscripts (lower case letters) represent significant difference (p\<0.05) among groups. Western blot analysis of transcription- & apoptosis related proteins (E).](ijsc-08-155f6){#f6-ijsc-08-155}

![RT-PCR analyses on adipogenesis and osteogenesis. Relative mRNA level of adipogenic specific markers (A) and their product size (B). Relative mRNA level of osteogenic specific markers (C) and their product size on agarose gel (D). Significant differences were considered when p\<0.05 and represented by different superscripts (lower case letters).](ijsc-08-155f7){#f7-ijsc-08-155}

###### 

List of primers used for the evaluation of transcription factors, apoptosis-related genes and lineage-specific markers in cultured WJMSCs by RT-PCR

  ---------------------------------------------------------------------------------
  Gene            Primer Sequence              Product Size (bp)   Accession no.
  --------------- ---------------------------- ------------------- ----------------
  *OCT4*          F: AAGCAGCGACTATGCACAAC\     140                 NM_002701.5
                  R: AGTACAGTGCAGTGAAGTGAGG                        

  *SOX2*          F: CACCCACAGCAAATGACAGC\     120                 NM_003106.3
                  R: AGTCCCCCAAAAAGAAGTCCAG                        

  *NANOG*         F: GCAGATGCAAGAACTCTCCAAC\   133                 AB093576.1
                  R: CTGCGTCACACCATTGCTATTC                        

  *BAX*           F: TCTGACGGCAACTTCAACTG\     127                 NM_001291428.1
                  R: AGTCCAATGTCCAGCCCATG                          

  *BCL2*          F: GGCTGGGATGCCTTTGTG\       66                  BC027258.1
                  R: CAGCCAGGAGAAATCAAACA                          

  *p53*           F: AATAGGTGTGCGTCAGAAGC\     92                  AB082923.1
                  R: CCACAACAAAACACCAGTGC                          

  *p21*           F: TGGCAGTAGAGGCTATGGA\      178                 NM_000389.4
                  R: AACAGTCCAGGCCAGTATG                           

  *PPARγ*         F: TTGCTGTCATTATTCTCAGT\     124                 AB565476.1
                  R: GAGGACTCAGGGTGGTTCAG                          

  *FABP4*         F: TGAGATTTCCTTCATACTGG\     128                 NM_001442.2
                  R: TGGTTGATTTTCCATCCCAT                          

  *LPL*           F: AGACACAGCTGAGGACACTT\     137                 NM_000237.2
                  R: GCACCCAACTCTCATACATT                          

  *RUNX2*         F: ATGTGTGTTTGTTTCAGCAG\     199                 NM_001024630.3
                  R: TCCCTAAAGTCACTCGGTAT                          

  *OSTEONECTIN*   F: GTGCAGAGGAAACCGAAGAG\     202                 J03040.1
                  R: AAGTGGCAGGAAGAGTCGAA                          

  *BMP2*          F: TAGACCTGTATCGCAGGCAC\     149                 NM_001200.2
                  R: GGTTGTTTTCCCACTCGTTT                          

  *YWHAZ*         F: ACGAAGCTGAAGCAGGAGAAG\    111                 BC108281.1
                  R:TTTGTGGGACAGCATGGATG                           
  ---------------------------------------------------------------------------------
